Rec8 cleavage blocks homolog disjunction, and that
This suggests that Rec8 is a separin substrate, at least when presented on mitotic chromosomes. mutation of separin causes a similar phenotype.
Our observations imply that chiasmata are maintained until metaphase I by sister chromatid cohesion along Meiotic Rec8 Is Cleaved at Residues 431 and 453 chromosome arms, which is mediated by a version of To investigate whether meiotic Rec8 is also a separin cohesion complex containing Rec8, and is resolved at substrate, we prepared chromatin from Rec8-HA3-the onset of anaphase I by cleavage of Rec8 by separin.
expressing meiotic cells and treated it with extracts from They also suggest that Rec8 in the vicinity of centromitotic cells. The chromatin was produced from cells meres is protected from separin throughout the first that had completed premeiotic DNA replication but had meiotic division by an unknown mechanism.
These not yet undergone the first meiotic division. Rec8-HA3 results imply that proteolytic cleavage of Scc1-like was both cleaved and removed from the pellet fraction cohesin subunits by separin may be a general mechaby an extract from separin (Esp1) overproducing cells nism for dissolving sister chromatid cohesion at meta-( Figure To confirm the identity of these cleavage sites, we for separin, we took advantage of the discovery that Rec8 can substitute for Scc1 during vegetative growth. mutated the proposed p1 arginine at site 453 to glutamic acid ( Figure 1D, 453E ). This mutation abolished producRec8 is normally not produced during mitotic divisions and deletion of the SCC1 gene is lethal at all temperation of the 38.5 kDa fragment ( Figure 1C , panel 453E), suggesting that this product is generated by cleavage tures (Uhlmann and Nasmyth, 1998). However, replacement of the SCC1 gene by an HA-tagged version of at position 453. An equivalent mutation of site 431 (431E) reduced but did not abolish production of the 41.4 kDa REC8 expressed from the SCC1 promoter permits cells to proliferate at 25ЊC but not at 37ЊC (data not shown).
fragment (data not shown). We therefore produced a double mutant in which the p1 arginine at position 431 Rec8 protein produced during mitotic divisions from this strain is cleaved by separin (Esp1) in vitro ( Figure 1A) .
was replaced by glutamic acid and the conserved glu- age and prevented the reduction of full-length Rec8, which normally occurs at the first meiotic division. The 38.5 kDa and (to a lesser extent) 41.4 kDa cleavage products are also produced by meiotic cells expressing Rec8-HA3 (data not shown ciently at 25ЊC but did so poorly, if at all, at 34ЊC (the chromosome spreads immunostained for Rec8-HA3 showed that Rec8 failed to dissociate from chromohighest temperature at which wild type sporulates efficiently). Some mutants, for example esp1-2 and esp1-4, somes in esp1-2 mutant cells ( Figure 3C ). Despite these defects, the lack of separin activity in esp1-2 mutants failed to sporulate at 34ЊC, whereas others, for example esp1-1, did so inefficiently and produced (at least on does not seem to arrest the meiotic process, as the meiosis I spindles eventually break down and cells atplates), a high proportion of two-spored asci (data not shown).
tempt to form two, albeit abnormal, meiosis II spindles and eventually form abnormal spores, which often lack We analyzed in further detail the phenotype of an esp1-2 diploid strain expressing an HA-tagged Rec8
DNA ( Rec8 failed both to be degraded and to dissociate from chromosomes, even when Myc-tagged wild-type pro-REC8-N), even when heterozygous (i.e., when one REC8 gene in diploids was mutant and the other was wild tein expressed by the same cells had done so with normal kinetics ( Figures 4B and 4C , panels Rec8-Myc wt/ type; see Figure 4A ). We conclude that proteolysis at either one of the two cleavage sites is both necessary REC8-N-HA; Figure 4E ). These data imply that cleavage of Rec8 is needed for its disappearance from chromoand sufficient for meiotic chromosome segregation. and segregate homologous chromosomes at random to REC8-N double mutants segregated homologs randomly during meiosis I with efficiencies and kinetics the two spindle poles (Klapholz et al., 1985) . Having segregated homologs at random at the first meiotic divithat resembled that of spo11⌬ single mutants (data not shown). However, despite forming meiosis II spindles, sion, spo11⌬ mutants proceed with an apparently normal second meiotic division, during which they segrethe double mutants neither separated sister chromatids nor segregated chromosomes during what should have gate sister chromatids to opposite poles.
We found that deletion of SPO11 fully relieved the been meiosis II. Deletion of SPO11 did not, however, relieve the failure lack of chromosome segregation during meiosis I of mutants either lacking separin activity (esp1-2) (comof esp1-2 or REC8-N mutants to remove Rec8 from chromosomes at the first meiotic division. In situ immupare Figures 3A and 6A, right panels) During these studies, we discovered that most (75%) spo11⌬ cells undergo the first meiotic division before destruction of Pds1 securin ( Figure 6D) . Furthermore, FISH analysis showed that sister telomeres separated during anaphase I in no more than 23% of spo11⌬ mutant cells (data not shown). This contrasts with wildtype cells in which meiosis I is invariably associated with loss of arm cohesion (see Figure 5A ) and where securin destruction always precedes the onset of anaphase I (Salah and Nasmyth, 2000). Because securin is a potent inhibitor of separin, this finding confirms that cleavage by separin is only needed for disjoining homologs if chiasmata have previously been produced by Spo11. Finally, our experiments on spo11⌬ mutants imply that the failure of esp1-2 and REC8-N mutants to segregate homologs at meiosis I cannot be due to a defective meiosis I spindle.
Discussion
It has long been suspected that sister chromatid cohesion along chromosome arms might have a crucial role in holding homologous chromosomes together following reciprocal exchange between maternal and paternal chromatids (Moore and Orr-Weaver, 1998). Cytological studies in a wide variety of organisms have shown that sister chromatids remain tightly paired throughout diakinesis and metaphase I but suddenly separate at the onset of anaphase I. Loss of cohesion along chromosome arms might even be the trigger that resolves chiasmata and thereby promotes segregation of homologous Neither REC8-N nor the esp1-2 mutations affect the individually blocks cleavage at that site but not at the attachment of sister centromeres to meiotic spindles other, whereas mutation of both sites blocks degradaand the segregation of maternal and paternal centrotion of the mutated Rec8 but not wild-type protein exmere pairs to opposite poles. In contrast, both mutations pressed in the same cell. (6) Separin mutants also fail prevent the disjunction of homologous arm sequences. to cleave and degrade Rec8 at meiosis I. (7) Securin Disjunction of centromeres, but not of chromosome (Pds1), which is known to inhibit separin activity, is dearms, suggests that mutants expressing REC8-N cannot graded at around the same time that Rec8 degradation resolve chiasmata. This suggests that the lack of chrocommences, shortly before the onset of anaphase I. (8) mosome segregation cannot be attributed to a defect In the absence of recombination, cells undergo the first in spindle function. Indeed, when recombination is elimimeiotic division prematurely and do so in the presence nated by deleting SPO11, the spindles of REC8-N and of high levels of securin. These data are all consistent esp1-2 mutant cells are capable of segregating homolowith the notion that Rec8 degradation during meiosis I gous chromosomes to each pole, albeit in a random is due to cleavage by separin, which is activated by the manner. We therefore propose that the resolution of destruction of securin. The products of Rec8 cleavage chiasmata (at least in yeast) is mediated by cleavage of never accumulate to high levels in a UBR1 background Rec8 by separin. Rec8 is necessary for sister chromatid but are stabilized in ubr1⌬ mutant cells, indicating that cohesion during meiosis and can even substitute Scc1 Rec8 cleavage products are rapidly targeted to the 26S in this function during mitosis. It is therefore reasonable proteosome destruction via the N-end rule ubiquitinato suppose that homologs are held together from protion pathway. . Furthermore, when securin tids. In contrast, neither phenomenon can be readily destruction is inhibited either by triggering the Mad2 explained by the notion that the two sequences are in chromosome alignment surveillance mechanism (Rieder fact required for some other Rec8 activity needed for and Palazzo, 1992) or by inactivating APC/cdc20 (Rieder chromosome segregation. As far as we can tell, no funcand Cole, 1999), chromosome arms, though not centrotion of Rec8 other than its susceptibility to separin cleavmeres, fully separate, presumably in the absence of any age is detectably altered by the REC8-N mutation. We separin activity (Nasmyth et al., 2000) . The implication therefore suggest that the main if not sole effect of the is that sister chromatid cohesion along chromosome REC8-N mutation is to prevent proteolytic cleavage of arms, though possibly not that at centromeres, can be those molecules expressed from the mutant locus and dissolved by dissociation of cohesin from chromosomes that these molecules persist in holding sister chromatids by a process that does not involve proteolysis of Scc1. together even when an equivalent number of wild-type Rec8 molecules are degraded on schedule.
This raises the question whether a similar separin-inde- ‫5-3ف‬ OD/ml. All the meiotic experiments were conducted at 30ЊC, with the exception of esp1-2 experiments (shifted at 34ЊC after 2 hr in SPO medium at 25ЊC). cestor of all meiotic organisms.
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